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a b s t r a c t 
Characterizing the interaction of mobile sediments with a turbulent boundary layer driven by waves and 
currents represents an important scientiﬁc and engineering challenge. To approach this, Balachandar’s 
scaling relations for particle Reynolds number and Stokes number (IJMF, vol. 35, pg 801–110, 2009) are 
recast in terms of Shields parameter and particle Galileo number. This allows for the modiﬁed Shields 
diagram to be partitioned into at least ﬁve regimes, where distinct primary mechanisms of sediment- 
turbulence interaction are identiﬁed. Practical guidelines are provided for selecting an appropriate direct 
or large-eddy simulation approach in the Shields-Galileo phase space. 
© 2016 The Authors. Published by Elsevier Ltd. 
This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 
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s  1. Introduction 
The transport of sediments in the bottom boundary layer due
to forcing from currents, waves and tides can have lasting envi-
ronmental, social and economic consequences ( Mehta, 2014; van
Rijn, 1993 ), which makes development of improved predictive ca-
pabilities for sediment motion a scientiﬁc and engineering priority.
Since the majority of coastal, ﬂuvial and estuarine sediment trans-
port takes place under turbulent ﬂow conditions, this objective
cannot proceed without ﬁrst understanding the nature of turbulent
interactions with mobile sediments for a given ﬁeld or laboratory
condition. 
When mobilized by a turbulent boundary layer ﬂow, ﬁnite-size,
heavier-than-ﬂuid sediments will obtain a non-zero “slip velocity”
due to both gravitational settling and interaction with turbulent
eddies. This can lead to modulation of the turbulent kinetic en-
ergy spectrum via several coupled mechanisms ( Balachandar and
Eaton, 2010; Crowe, 20 0 0; Yuan and Michaelides, 1992 ). For solid
particles in a turbulent ﬂow, vortex shedding and oscillation in
the wake of particles has been proposed as the primary driver of
turbulence enhancement ( Hetsroni, 1989 ), and it has been argued
that work done by the turbulent ﬂow to continuously accelerate
and decelerate heavy particles acts as a primary dissipative mech-
anism ( Yuan and Michaelides, 1992 ). Theories developed from or-
der of magnitude estimates and length and timescale arguments∗ Corresponding author. 
E-mail addresses: J.Finn@liv.ac.uk (J.R. Finn), M.Li@liv.ac.uk (M. Li). 
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0301-9322/© 2016 The Authors. Published by Elsevier Ltd. This is an open access article uave generally conﬁrmed this ( Crowe, 20 0 0; Kenning and Crowe,
997; Yuan and Michaelides, 1992 ), and more recent experimen-
al and numerical studies have further reﬁned these ideas ( Bagchi
nd Balachandar, 2004; Burton and Eaton, 2005; Ferrante and El-
hobashi, 2003; Lucci et al., 2010; Tanaka and Eaton, 2010 ). 
Using evidence from direct numerical simulation and experi-
ents, Elghobashi (1991 , 1994 , 2006) developed a classiﬁcation
ap of particle-turbulence interactions based on particle Stokes
umber, St = τp /τk (ratio of particle to Kolmogorov timescale),
nd the solid volume fraction, φ, suggesting large St particles
ill enhance turbulence production, while small St particles will
nhance dissipation. For ﬂows with even modest concentrations,
0 −6 < φ < 10 −3 , particles can signiﬁcantly modulate the turbu-
ent energy spectrum (two-way coupling), and for denser suspen-
ions, φ  10 −3 , particle-particle interactions (four-way coupling:
.g. collisions, drafting) further inﬂuence both the particle motion
nd turbulent spectra in complex ways. Building on these observa-
ions, Balachandar (2009) and Balachandar and Eaton (2010) devel-
ped explicit scaling relationships for the particle Reynolds num-
er and Stokes number as a function of particle-to-ﬂuid density
atio, and the ratio of particle size to Kolmogorov length scale.
hey then examined a hierarchy of available multiphase simu-
ation approaches, namely the dusty-gas (DG), equilibrium Eu-
erian (EE), two-ﬂuid (TF), point-particle (PP) and fully resolved
imulation (FRS) methods 1 . They deﬁned each method’s range of
pplicability, as well as a “method of choice ”- the approach which1 For a detailed discussion of these methods and their inherent limitations we 
efer the reader to Balachandar (2009) ; Balachandar and Eaton (2010) . 
nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 
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batisﬁes the restrictions of direct or large eddy simulation (DNS,
ES) at the lowest perceived computational cost. 
A wide range of St , and φ can be found in the bottom boundary
ayer, making effective parameterization of sediment-turbulence
nteractions a daunting task. In spite of this, incorporation of such
ffects into averaged equations models has generally helped to im-
rove sediment transport predictions (see for example Amoudry
t al., 2008; Hsu et al., 2004 ). At the same time, advances in both
umerical modeling and computing capacity have begun to allow
or fundamental DNS and LES studies of sediment-turbulence in-
eractions in the multiphase wave and current bottom boundary
ayer using methods based on EE ( Ozdemir et al., 2010; Penko
t al., 2013 ), PP ( Apte et al., 2008; Arolla and Desjardins, 2015;
inn et al., 2016; Schmeeckle, 2014 ), and FRS ( Derksen, 2015; Ji
t al., 2013; Kidanemariam and Uhlmann, 2014; Vowinckel et al.,
014 ), in conjunction with a model for four-way coupling interac-
ions (collisions). While these approaches have produced extensive
ew insights, little practical guidance exists on their range of ap-
licability for simulating the conditions of interest. 
In this brief communication, we recast and further develop the
caling arguments of Elghobashi (1991) and Balachandar (2009) for
he sediment transport problem so that the results can be exam-
ned in the framework of a modiﬁed Shields (1936) diagram, ie in
erms of the Shields parameter, a non-dimensional shear stress, 
= u 
2 
 
( s − 1 ) gd p , (1) 
nd the Galileo number, a ratio of gravitational to viscous forces
n a particle, 
 = d p 
√ 
( s − 1 ) gd p 
ν
. (2) 
ere, u  is the friction velocity of the wave and/or current driven
oundary layer, d p is the particle diameter, s = ρp /ρ f is the
article-to-ﬂuid density ratio, and g is the gravitational accelera-
ion. This exercise allows us to (i) identify the dominant mech-
nism of sediment-turbulence interaction in terms of the non-
imensional groups important to sediment transport 2 (free surface
ffects and Froude number inﬂuence is neglected), and (ii) estab-
ish guidelines for simulating sediment-turbulence interactions in
ifferent regions of the G, θ , s phase space. Strictly speaking, the
caling developed by Balachandar (2009) is restricted to a dilute
ispersed phase concentration. In the absence of a similar theory
or densely laden conditions where four-way coupling is important
ie, bedload sediment transport), we believe this is still a useful
tarting point to examine the regimes of sediment-turbulence in-
eraction. 
. Theory 
For relatively dilute ﬂow ( φ  0.001), particle-turbulence inter-
ctions can be characterized using the particle Reynolds number,
e p = d p | u p − u f | /ν, and the particle Stokes number, St = τp /τk .
ven for dense ﬂow conditions with four-way coupling, ie bed-
oad dominated sediment transport, these parameters should re-
ain important, in addition to φ. Here, ν is the kinematic viscosity
f the ﬂuid, | u p − u f | is the slip velocity between the particle and
he undisturbed ambient ﬂow, τ k is the Kolmogorov timescale, and
he particle timescale, τ p , is 
p = 2 s + 1 
36 
d 2 p 
ν
1 
f (Re p ) 
, (3) 2 Our choice of parameters is not unique, and a number of similar re-scalings of 
hields (1936) diagram can be found in the literature ( Madsen and Grant, 1976; Van 
ijn, 1984; Vanoni, 1975 ). The ﬁrst appears to be the work of Bonneﬁlle (1963) . 
R
 
t  here we assume the expression of Schiller and Naumann
1935) for the ﬁnite Reynolds number correction to the drag co-
ﬃcient for spherical particles, 
f (Re p ) = 1 + 0 . 15 Re 0 . 687 p . (4)
easonable alternatives to Eq. 4 exist that take into account the
rregularity of natural sand grains (i.e. Fredsøe et al., 1992 ) and the
nﬂuence of φ ( Tenneti et al., 2011 ), but these effects are are not
irectly considered here. 
If the Kolmogorov length scale in the boundary layer is esti-
ated as η = ν/u  , re-arrangement of Eqs. (1) and ( 2 ) provides the
atio of particle size to Kolmogorov length scale, 
d p 
η
= G 
√ 
θ. (5) 
imilarly, with τk = η2 /ν and the deﬁnition of τ p from Eq. (3) , the
tokes number becomes, 
t = τp 
τk 
= 2 s + 1 
36 f (Re p ) 
G 2 θ . (6) 
For s > 1, Re p can be inﬂuenced by both turbulent eddies and
ravitational settling. Balachandar (2009) described three regimes
f particle timescale that govern the particle Reynolds number due
o turbulence: 
1. τ p < τ k : Both Re p and St are less than one, and particle rel-
ative velocity is inﬂuenced primarily by the smallest scales of
the turbulent ﬂow. 
2. τ k < τ p < τ L : The particle timescale is larger than the Kol-
mogorov scale but smaller than the integral scale of turbulence.
Particle relative velocity is then inﬂuenced primarily by an in-
termediate scale eddy in the inertial range that has the same
timescale as the particle. The size of this eddy is l i = τ 3 / 2 p 	1 / 2 ,
where 	 is the dissipation rate of the ﬂow. Taking 	 ≈ ν3 / η4 
and using Eqs. (3) and ( 2 ), the ratio of particle size to l i is, 
d p 
l i 
= 216 
G 2 θ
(
f (Re p ) 
2 s + 1 
)3 / 2 
. (7) 
3. τ p > τ L : The particle timescale is larger than the integral
timescale of the ﬂow, τ L , and the particle relative velocity is
limited by the integral velocity scale, u L . 
Ignoring the third regime, which is rare in the context of geo-
hysical sediment transport, Balachandar’s (2009) scaling for the
urbulence related Reynolds number, Re p, t , can be manipulated to
rovide one of two expressions depending on whether St is larger
r smaller than unity, 
e p,t = 
⎧ ⎨ 
⎩ 
s −1 
18 f (Re p,t ) 
G 3 θ3 / 2 for G 2 θ ≤ 36 f (Re p ) 
2 s +1 
s −1 
3 
√ 
( 2 s +1 ) f (Re p,t ) 
G 2 θ for G 2 θ > 36 f (Re p ) 
2 s +1 
. (8) 
For heavier than ﬂuid particles, gravitational settling will also
nduce a relative velocity, w s = τp g 
(
3 
2 s +1 
)
. Using Eq. (3) , the set-
ling related particle Reynolds number, Re p,s = w s d p /ν, becomes, 
e p,s = G 
2 
18 f (Re p,s ) 
. (9) 
or the purposes of this note, we assume that the actual particle
eynolds number is due to either settling or turbulence, but not
imultaneously both, and take Re p to be the maximum of the tur-
ulent and settling contributions, 
e p = max ( Re p,t , Re p,s ) . (10) 
Finally, combining Eqs. (5) and ( 9 ) with the assumed rela-
ion for η, the suspension number (or scaled Rouse number),
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Fig. 1. Proposed regime map for sediment-turbulence interactions with s = 2 . 65 
in the bottom boundary layer. Shading corresponds to regions having distinct pri- 
mary particle slip-velocity mechanisms: Fixed bed (I), Gravitational settling (II), Kol- 
mogorov interactions (III), Inertial range dissipation (IV), Inertial range production 
(V). Regime boundaries labeled A–E are given by Eqs. (12) –( 16 ). The (- - -) line cor- 
responds to the θ ≈ 0.8 transition between sheet-ﬂow and bedform conditions. The 
(− · −) lines correspond to contours of constant bedload fraction observed experi- 
mentally by Roberts et al. (2003) for quartz sand in water: 95% bedload ( S = 1 . 94 ), 
50% bedload ( S = 0 . 77 ), 5% bedload ( S = 0 . 34 ). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 S = w s /u  , which characterizes the competition between particle
settling and turbulent suspension, can be written 
S = Re p,s 
G 
√ 
θ
. (11)
Using kinematic arguments, Bagnold (1966) ﬁrst developed a sus-
pension criteria of the form, θ susp ≥ 0.4 w s / gd p , corresponding to
S = 1 . 23 . 
3. Main result 
For any θ , G and s all greater than 1, Eqs. (4) , ( 6 ), ( 8 ), ( 9 ),
and the assumption of Eq. (10) are uniquely determined and can
be solved iteratively for St and Re p . Here, we consider 10 
−2 ≤ G ≤
10 4 and 10 −2 ≤ θ ≤ 10 1 . Our discussion is framed around natu-
ral quartz sediments in water ( s = 2 . 65 , g = 9 . 81m / s 2 , and ν =
10 −6 m 2 / s ), for which this parameter space corresponds to parti-
cle sizes ranging from ﬁne silts ( d p = 2 μm , neglecting cohesive ef-
fects) to gravels ( d p = 2cm ), and Shields parameters between incip-
ient motion and energetic sheet ﬂows. For the interested reader, a
small MATLAB® function that can evaluate similar results for any
s > 1 is provided as supplementary material to this note. 
The results for Re p and St allow the Shields diagram to be par-
titioned into at least 5 regimes with distinct primary mechanisms
of sediment-turbulence interaction, as shown in Fig. 1 . The ﬁve
regimes and their boundaries are deﬁned as follows: 
I No motion : For a given value of G , there is a critical value of
Shields parameter, θ cr , below which negligible particle motion
occurs. Soulsby (1997) suggests one of many possible functional
ﬁts to experimental observations of θ cr , which is plotted as line
A in Fig. 1 , 
θA = θcr = 
0 . 3 
1 + 1 . 2 G 2 / 3 + 0 . 055 
[
1 − exp 
(
−0 . 02 G 2 / 3 
)]
. (12)
Turbulent interactions with a ﬁxed rough bed have a rich phe-
nomenology of their own ( van der A et al., 2011; Nielsen, 1992;
Sleath, 1987 ), but we do not make further attempts to charac-
terize them here. II Gravitational settling: In this regime, which covers a wide
range of particle sizes inclusive of silts, sands and gravels, grav-
itational settling is the main driver of relative velocity ( Re p,s >
Re p,t ). Regime II is bound by Eq. (12) for small θ , and by
Re p,s = Re p,t for larger θ . Combining Eqs. (8) and ( 9 ), the lat-
ter condition results in two criteria, one for St < 1 and one for
St > 1, shown as lines B & C in Fig. 1 . 
θB = [ G (s − 1) ] −2 / 3 for G 2 θ ≤ 36 
2 s + 1 (13)
θC = 
√ 
2 s + 1 
6 ( s − 1 ) 
√ 
f (Re p ) 
for G 2 θ > 
36 
2 s + 1 (14)
For small G in regime II, to the left of the B-C-D intersection,
St < 1, and line B corresponds to the transition described by
Balachandar (2009) from g / a k > 1 (settling dominates) to g / a k 
< 1 (turbulence dominates), where a k = ν2 /η3 is the accelera-
tion associated with the Kolmogorov scale. For larger St , to the
right of the B-C-D intersection, regime II particles may respond
to the larger inertial scales of the ﬂow, but their relative veloc-
ity will still primarily be dictated by gravitational settling. Note,
we have used the fact that Re p | St =1  1 to make approximation
f (Re p | St =1 ) ≈ 1 , and write the St = 1 transition without depen-
dence on f ( Re p ). 
III Kolmogorov interactions: For a range of small particles with
St < 1, at suﬃciently high θ the relative velocity due to the
interactions with the Kolmogorov scales will exceed the grav-
itational settling velocity and the particles will behave almost
as tracers for the smallest scales of ﬂuid motion. For s = 2 . 65 ,
regime III covers mostly sheet ﬂow conditions for silt and ﬁne
sands. The upper limit on θ for this regime, shown as line D, is
given explicitly by setting St = 1 in Eq. (6) and again assuming
f (Re p | St =1 ) ≈ 1 , 
θD = 36 
( 2 s + 1 ) G 2 . (15)
IV Inertial range dissipation: Two regimes can be identiﬁed
where St > 1 and the particle relative velocity will be dictated
primarily by an inertial eddy scale, l i , as deﬁned in Eq. (7) .
In regime IV, which corresponds to mostly sand-size particles
over a wide range of θ for s = 2 . 65 , these interactions are ex-
pected to have a net dissipative effect on the turbulence so long
as the particle Reynolds number does not exceed some transi-
tional threshold value, Re tr . 
V Inertial range production: In this regime, Re p > Re tr , and the
presence of the particles should result in a net production of
turbulence. This is due to the augmentation of turbulence by
oscillating particle wakes and introduction of particle scale tur-
bulence through vortex shedding, which may start at a some-
what smaller value of Re p , but becomes dominant relative to
particle induced dissipation at higher Re p . The threshold at
which this occurs, and thus the transition from regime IV to
regime V (line E), is determined by setting Re p = Re tr in Eq. (8) ,
θE = 
3 Re tr 
√ 
(2 s + 1) f ( Re tr ) 
(s − 1) G 2 , (16)
Evidence suggests that Re tr ≈ 400 ( Elghobashi, 1991; Hetsroni,
1989 ), and this has been used to plot line E in Fig. 1 . It is in-
teresting to note that continuation of line E down to line A
produces a small additional regime for s = 2 . 65 (not explicitly
marked), where gravitational settling of large particles may fur-
ther enhance production of turbulence ( Re p, s > Re tr ). This ad-
ditional regime vanishes for heavier sediments ( s  5) but be-
comes larger for lightweight sediments (1 < s < 2.5), which
are more easily suspended at low θ . It could be relevant to
J.R. Finn, M. Li / International Journal of Multiphase Flow 85 (2016) 278–283 281 
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Fig. 2. Method of choice for direct and large eddy simulation of wave & cur- 
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(  the “lower plane bed” regime found for coarse sand and gravel 
transport ( Simons and Richardson, 1961 ). 
Also shown in Fig. 1 as the ( − − −) line is the approximate
ransition from bedform (dunes, ripples) conditions to more ener-
etic sheet ﬂow conditions at θ ≈ 0.8. Bedforms can strongly inﬂu-
nce bottom boundary layer hydrodynamics by introducing large
cale coherence, rhythmic vortex shedding, and an enhanced ef-
ective roughness ( Nielsen, 1992 ), which may have implications
or the region boundaries described above. Perhaps more impor-
ant are the transitions marked by ( − · −) lines, which correspond
o constant suspension number, S . Recent tilting ﬂume measure-
ents by Roberts et al. (2003) have suggested that the proportion
f sediment carried as bedload is roughly constant for constant S .
he ( − · −) lines shown in Fig. 1 correspond to their results for
% bedload ( S = 0 . 34 ), 50% bedload ( S = 0 . 77 ), and 95% bedload
 S = 1 . 94 ) for quartz sediments in water. For conditions where
ost of the sediment is carried as suspended load (low S), the
ominant sediment-turbulence interactions will result from two-
ay coupling (2WC) and the scaling arguments developed here
hould be sound. As the fraction of sediment transported as bed-
oad is increased (large S), particle-particle interactions and four
ay coupling (4WC) in the high concentration layer near the bed
ill play an increasingly important role in overall turbulence mod-
lation. Effective parameterization of 4WC effects is an important
nd ongoing effort, and the arguments used to construct Fig. 1 can
nd should be updated as the effects of strong 4WC in the bottom
oundary layer become better understood. 
. Implications for direct and large eddy simulation 
By transforming the Re p and St scaling into the G − θ space,
ome comments can be made regarding the range of applicability
f available DNS and LES modeling approaches. 
When performing DNS, regardless of the approach adopted to
andle the particle phase, all scales of ﬂuid motion from η to L ,
ncluding those introduced by the particles, should be resolved by
he grid spacing. Strictly speaking, this limits the applicability of
E, TF, and PP approaches to conditions where d p < l k . The con-
inuum based EE and TF approaches should also respect the Stokes
umber restrictions St EE  0.2 and St TF  1 ( Balachandar, 2009;
erry and Balachandar, 2001 ). Using Eqs. (5) and ( 6 ), these restric-
ions become, 
DNS 
EE < max 
(
1 
G 2 
, 
7 . 2 
( 2 s + 1 ) G 2 
)
(17) 
DNS 
T F < max 
(
1 
G 2 
, 
36 
( 2 s + 1 ) G 2 
)
(18) 
DNS 
PP < 
1 
G 2 
(19) 
With this in mind, the modiﬁed Shields diagram for s = 2 . 65 is
artitioned based on the method of choice for DNS in Fig. 2 a. Only
 modest region of the G − θ plane, corresponding to ﬁne sands
nd silts in regimes II & III that satisfy d p / η < 1 ( θ < 1/ G 2 ), does
ot require a FRS approach to satisfy the DNS restrictions. Here,
he less expensive EE approach becomes the method of choice be-
ause St < 0.2 is also satisﬁed for s = 2 . 65 . There is no region of
he G − θ phase space where either the TF or PP approach become
he method of choice for DNS at this density ratio. For reference,
revious EE-DNS and FRS simulations by several groups at s ≈ 2.65
re also shown. 
For LES, the grid size/particle size requirement can be relaxed to
p > τ
, where 
 is the LES ﬁlter size, and τ
 is the timescale of
he smallest eddy resolved by this ﬁlter. This requirement ensureshat the dominant scale of particle-ﬂuid relative velocity (due to
he l i scale eddies) is resolved. Setting 
 = l i , and using Eq. (5) , a
equirement for the ratio 
/ η can be derived, 


η
≤ G 
3 θ3 / 2 
216 
[
2 s + 1 
f (Re p ) 
]3 / 2 
. (20) 
he method of choice for LES is shown in Fig. 2 b. The region of EE
pplicability is roughly the same as for DNS, and there is a modest
ize region covering ﬁne sands where 0.2 < St < 1 is satisﬁed and
he TF approach may become an optimal choice. At ﬁrst glance,
elaxing the particle size requirement does allow for the PP-LES
pproach to cover the remainder of the Shields diagram, however,
wo practical limitations must still be considered. First, it is not
ractical to push the PP-LES method to use LES ﬁlter widths much
maller than 
 ≈ d p . Comparing Eq. (20) to the ratio d p / η ( Eq.
5) ), it is clear that the required ﬁlter size is larger than d p only
282 J.R. Finn, M. Li / International Journal of Multiphase Flow 85 (2016) 278–283 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a  
n  
s  
t  
b  
p
A
 
P  
S  
P  
f
S
 
f  
0
R
A  
 
A  
 
B  
B  
B  
 
B  
B  
B  
 
 
C  
D  
 
E  
E  
 
F  
 
F  
F  
 
F  
H  
 
 
 
K  
K  
L  when, 
θ LES PP > 
216 
G 2 
(
f (Re p ) 
2 s + 1 
)3 / 2 
. (21)
Second, sub-particle-scale wake interactions can contribute signiﬁ-
cantly to particle motion and turbulence modulation at higher Re p 
( Bagchi and Balachandar, 20 03; 20 04; Burton and Eaton, 2005 ),
and these effects are not naturally handled with standard point-
particle LES closures. It is anticipated that both FRS and sub-
particle-scale measurements (i.e. Tanaka and Eaton, 2010 ) can aid
in the development of such models in the near future ( Prosperetti,
2015 ). For the time being, assuming these effects become im-
portant when vortex shedding sets in, around a critical particle
Reynolds number of Re cr ≈ 210 ( Bagchi and Balachandar, 2004 ),
then Eqs. (8) and ( 9 ) provide one of two restrictions, depending on
whether Re p,t or Re p,s is larger, 
θ LES PP  
3 Re cr 
√ 
(2 s + 1) f (Re cr ) 
(s − 1) G 2 (Re p,t > Re p,s ) (22)
G LES PP  
√ 
18 Re cr f (Re cr ) (Re p,t < Re p,s ) 
The G − θ space for St > 1 can then be divided into three re-
gions where PP-LES is either the method of choice or may be the
only viable choice , assuming FRS is not computationally feasible: 
1. PP-1 : This regime corresponds to particles with St > 1 and
where Eq. (21) is not easily satisﬁed, meaning 
 should be less
than d p to resolve the l i scale and its interaction with the d p 
size particles. Neither the TF-LES approach or the PP-LES ap-
proach are well suited to perform simulations here, without
additional stochastic models to account for the sub-grid-scale
contributions to the slip velocity (i.e. Pozorski and Apte, 2009 ).
This is an important region of the Shields diagram, as it cov-
ers ﬁne and medium sands commonly found on beaches and in
estuaries. 
2. PP-2 : The inequalities of Eqs. (21) and ( 22 ) are satisﬁed, mean-
ing that the particle’s slip velocity can be predicted from the
resolved ﬂuid motions, and the particles are not expected to
introduce signiﬁcant sub-particle scale turbulence. To date, the
PP-LES simulations reported in the literature for s ≈ 2.65 ( Arolla
and Desjardins, 2015; Finn et al., 2016; Schmeeckle, 2014 ) al-
most all fall into this region. 
3. PP-3 : Here, Re p is large enough that Eq. (22) cannot be satis-
ﬁed meaning additional models need to be introduced to ac-
count for the sub-particle scale turbulence introduced by the
sediment. Throughout this regime d p / η >> 1 for s = 2 . 65 . In this
case, a numerically challenging, but perhaps more appropriate
strategy would be to combine an interface resolving method
with LES (for example, Ramakrishnan et al., 2009 ), thereby re-
solving the inertial range scales introduced by the sediment,
but modeling the dissipative scales much smaller than d p . 
5. Concluding remarks 
In this short communication Balachandar’s scaling for parti-
cle Reynolds and Stokes number have been recast into the non-
dimensional groups G, θ , and s , allowing the modiﬁed Shields di-
agram to be partitioned into (at least) 5 regimes with unique
primary sediment-turbulence interaction mechanisms for a given
value of s . Guidelines and practical restrictions have also been pro-
vided to the reader for selecting an appropriate numerical model-
ing approach for DNS or LES of the wave/current boundary layer in
terms of these variables. The transitions between regimes shown in
Figs. 1 and 2 are expected to be reasonable approximations, where
before no such guidance was available. However, they should not
be taken as sharp and inﬂexible; The physical mechanisms in-
volved in sediment turbulence interaction in natural environmentsre indeed complicated and the results here can be updated as
ew understanding is developed. As is apparent from the re-
ults presented, in order to simulate many important regimes of
he G − θ phase space, established modeling approaches need to
e pushed, perhaps beyond their strict limitations, and new ap-
roaches should be explored. 
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